The presented paper deals with a numerical simulation of vacancy diffusion of sulphur, tin and phosphorus atoms to the grain boundary of the structure of copper, type (2D). It was theoretically applied to analysed model alloys of types Cu-S and Cu-Sn, particularly tin bronzes. Its purpose is to verify the obtained experimental results concerning this phenomenon, making use of the Auger method of spectroscopy of electrons (AES). Distinct effects of the segregation of sulphur atoms in the monolayer at the grain boundaries were found as well as an enrichment of the grain boundaries with tin atoms. In addition, the visualization of the simulation revealed a possible formation of stationary clusters of vacancies and segregating atoms on the analysed matrix of the atom structure (2D). The simulated effects of the segregation of S and Sn to the grain boundary, analysed as a function of the number of the cycles of the simulation are characterized by a statistically good repeatability of the results. Keywords: copper alloys, grain-boundary segregation, diffusion, intercrystalline hot brittleness, mathematical model, numerical simulation Pri~ujo~e delo predstavlja numeri~no simulacijo odsotnosti zrn pri difuziji atomov`vepla, kositra in fosforja pri strukturi bakra, tipa 2D. Ta se uporablja za teoreti~no analiziranje modelov zlitin tipa Cu-S in Cu-Sn, zlasti kositrnih in bronastih. Namen je, da bi pridobljene eksperimentalne rezultate preverili z uporabo AES (Augerjeva elektronska spektroskopija). Ugotovili smo razli~ne u~inke tvorjenja lo~evanja atomov`vepla v monosloje na mejah zrn pa tudi obogatitev zrn z atomi kositra na mejah zrn. Hkrati pa je vizualizacija simulacije pokazala morebitno nastajanje nepremi~nih grozdov praznin in lo~evanja atomov v analizirani matriki strukture atomov (2D). Simulirani u~inek lo~evanja S in Sn do meje zrn, analizirani v odvisnosti od {tevila ciklov simulacije ka`e na zna~ilno statisti~no dobro ponovljivost rezultatov. Klju~ne besede: bakrene zlitine, lo~evanje zrnc, difuzija, interkristalna krhkost na vro~em, matemati~ni model, numeri~na simulacija
INTRODUCTION
The segregation of admixed or impurity atoms at the boundaries of the grains and on free surfaces proceeds in accordance with two basic mechanisms, viz., equilibrium segregation (ES) [1] [2] [3] and non-equilibrium segregation (NES). [4] [5] [6] [7] [8] Generally, equilibrium segregation is applied in the course of a diffusive displacement of substituted or interstitial atoms to structurally disturbed interphase surfaces, such as the grain boundaries and free surfaces or to regions of dislocation and stacking faults, causing free energy reduction of the elastic lattice misfit. A reduction of this energy constitutes the driving force of the process ES. Concentrating their attention on metals and binary alloys, M. P. Hondros, E. D. Seah 1 proved that there is a direct relation between the degree of segregation and the temperature of the process, which may be expressed with Equation (1):
where C b denotes the concentration of the segregating atoms at the grain boundaries, C g -the concentration of these same atoms in the undisturbed fragments of the structure, A and k -constant values (k -Boltzmann constant) and E -the free energy of segregation, i.e, the reduction of the energy of the segregating atoms in the place of segregation, e.g., at the grain boundary. Usually atoms with a considerable free energy of segregation indicate a much greater differentiation of atomic radiation and electronic structure then the atoms of the matrix. 9 The quantity of segregation at the grain boundaries, expressed with Equation (1) disregards, however, the dependence of segregation on time and, in the first stage of modelling, this is a considerable shortcoming because the diffusion of the segregating atoms is an essentials element of the ES mechanism. D. McLean 10 defined this dependence even more accurately by taking into account the required accumulation of a monolayer of the segregating atoms, controlled by the diffusion of the atoms in the matrix D i . This effect is defined with Equation (2) , in which diffusion temperature T appears implicitly as a = a(T): 
where: C s -concentration of the segregating atoms at the grain boundaries in the time t; a = C b /C g ; d ipotential width of the grain boundary. Equation ( 2) permits us to assess the kinetics of the ES phenomenon at the grain boundary and to predictrather precisely -the duration and temperature of the process, for example the temper brittleness of steel due to the equilibrated segregation of phosphorus. 2 In recent years much attention has been paid to the mechanism NES, particularly with respect to steel and heat treatment. The theoretical fundamentals concerning this phenomenon were dealt with by K. T. Aust et al. 4 and R. Anthony 5 , and later by R. G. Faulkner 3, 8 focusing mainly on the developed. The mechanism NES based on the formation of complexes of point defects in the structures of the alloys, mainly of the vacancy-atom type of admixture or impurity, as well as gradients of the concentrations of vacancies in the vicinity of the areas of an intensive elimination of point deffects. Such adsorbents of vacancies are interphase surfaces or grain boundaries and also free surfaces. Non-equilibrium segregations take place in the course of accelerated cooling of the alloy in the conditions of large temperature differences if, for instance, the vacancy-atom pairs of impurity diffuse in the gradients of concentration in the direction of their decreasing concentration. In such conditions the equilibrium concentration of the vacancies and complexes is reduced, and the actual concentration can take place only in the regions of the sink of vacancies.
This process is illustrated quantitatively with the diagram on Figure 1 . The quantity of NES is characterized by the quotient of concentrations C b /C g , and the extent of this effect is expressed by the distance x from the grain boundaries, at which the concentration of impurities attains the lowest level. For the purpose of describing this process quantitatively, it is of essential importance to determine the changes of the curve of the distribution of concentration depending on the time, the temperature and the size of the grains. These parameters can be easily related to the conditions of the heat treatment of the investigated alloys.
An alternative for the description of complex effects in the mechanisms of equilibrium segregation and non-equilibrium segregation by means of phenomenological equations of diffusion is computer aided modelling of these segregations at the grain boundaries of polycrystals, on the atomic scale, applying the method of simulating elementary overshoots of the determined atoms in stable nodal orientations of the structure type (2D). [11] [12] [13] [14] In such a case, we move away from the macroscopic phenomena, described by Fick's laws, to the microscopic mechanism of diffusion. However, frequently repeated simulations of individual jumps of diffusion permit us to assess the resulting segregations on the macroscopic scale. In the mathematic model 11 assumed and applied for the computer simulation, the mutual energy concentration between the point defects and grain boundaries were utilized at the atomic level in order to predict the motion of the atoms of impurities, thus resulting in the segregation. The model simulates, in a somewhat simplified way, the vacancy mechanism of the lattice diffusion in metals, particularly the migration of the admixture atoms of impurities and also the vacancies to the grain boundaries, based on an analysis of the effects of the energy in the environment on the respective elements of the lattice, distributed stochastically in the matrix. [15] [16] An advantage of this way of modelling is the possibility of simulating complex effects of the processes ES and NES without having to apply equations of the rate of diffusion.
The aim of the investigations was, therefore, to simulate numerically the phenomenon of intercrystalline segregation of the components of alloys and impurities in some selected alloys of copper, particularly tin bronzes, in order to verify the obtained experimental results concerning this phenomenon, making use of the Auger method of spectroscopy of electrons (AES).
EXPERIMENTAL PART

Materials and methods
Experimental investigations were carried out on tin bronzes of the type CuSn6P, resulting from industrial smelting in the firm Trefimetaux (in France), in the form of bars with a diameter of 10 mm, smelted continuously (process Wertli) and with the chemical composition quoted in Table 1 . Comparative investigations concerning intercrystalline segregation, based on models of high-purity bronzes and bronzes modified with microadditions of rare-earth elements were dealt with earlier. 17, 18 Spectrometric investigations were carried out applying the Auger electron spectroscopy technique including the double ionized process of Auger electron emission, using, for this purpose, a spectroscope of the type Riber ASC 2000 (France). Essentially, the Auger emission process requires the excitation of a surface sample with a primary electron beam of 1-10 keV and the detection of the characteristic Auger electrons with peaks well defined in the derivative of the secondary electron energy spectrum. These peaks are specific for the elements, from which the Auger electrons escape. The first process is X-ray fluorescence and the second one is Auger emission. Obviously, none of them can take place at the same initial core hole: thus, they compete. Furthermore, because Auger electrons arrive from depths of about several atom distances, from the point of view of vertical resolution, the technique appears to be an interesting surface analytical tool.
The applied spectrometer was equipped with a cylindrical electrostatic analyser of the energy of the emitted electrons of the type Mac-2 and a scanning electron microscope (SEM) with a spectrometer EDS as well as an electron gun with a high vacuum system, recording the results and controlling the complexity of the entire experiment. An Auger analysis of the energy of electrons was carried out on the surfaces of an intercrystalline fracture of the samples selected at random immediately after having been fractured in the chamber of the spectrometer. Samples with a strain rate of about 10 -4 s -1 were statically stretched in the temperature range of minimum plasticity (DMT -ductility minimum temperature), applying a tensile testing instrument specially designed for the study of fracture surfaces, equipped with a device for resistance heating of the strained samples. Some selected samples were also ionically etched in order to determine the gradient of the chemical composition of the monolayer in the function of the depth of etching from the boundary of the grain.
In order to simulate the process of diffusion of point defects to the grain boundary in the lattice (2D), the mathematical model suggested by Chapman and Faulkner 11 was applied. In this model, the effect of energy was utilized at the level of an atom between the vacancies, the atoms of admixtures or impurities solved in the matrix and the grain boundaries in order to predict the motion of the atoms and the resulting way of segregation. In this model, the atom was assumed to be spherical and the surrounding crystalline lattice elastic, maintaining a constant volume. The interactions of the point effects provide energy driving forces, required to keep up the migration of the segregating atoms to the grain boundaries, and also to create complexes of defects, e.g., divacancies (V M V M ) or complexes of the vacancy type (V M ) -the admixture atom (F M ), the so-called pair V M F M , Figure 2 .
The applied model assumes a two-dimensional (2D) simulation of the migration of admixture atoms and impurities in the plane (100) of a six-walled lattice with dimensions (n × n) of the atoms, the grain boundary The grain boundary concentrates the atoms of impurities and the vacancies, which are annihilated after they have reached them. The point defects are initially distributed in the plane at random with given concentrations of the atoms. The mechanisms of segregation, desegregation and the formation of complexes are simulated based on a dynamic assessment of individual probabilities of a diffusive jump. These probabilities are multiplied by the factor of acceleration W p in order to shorten the time of numerical calculations. Every cycle of the programme is modelled using W p 10 -13 s for the duration of the actual diffusion. Details concerning the model applied to simulate the process of diffusion had been presented in an earlier paper. 19 
ANALYSIS OF THE RESULTS
Results of microfractographic investigations and Auger spectrometric analysis
Industrial tin bronzes of the type CuSn6P, plastically deformed in the range of DMT, display an intercrystalline brittle fracture on microfractographs, A spectrometric analysis in situ of the fractures of the investigated samples, fractured in the conditions of a high vacuum (UHV) permitted us to reveal the segregation of the admixture atoms and impurities at the grain boundaries, affecting essentially the process of intercrystalline cracking of the investigated tin bronzes. The results of the tests of tin bronze using the AES method and scanning electron microfractography are presented in Figures 5 and 6 .
Auger emission spectrum recorded on the intercrystalline surfaces of bronze CuSn6P after its fracture in the range of DMT (about 300-600°C) indicates, besides reference lines (Cu), also distinct lines of tin and sulphur as well as a double line of phosphorus, Figure 5a . The atypical shape of the P spectrum of the energy of electrons of the order of 117-120 eV probably results from the specific atomic bond Cu-P. The occurrence of a doublet of this type was proved experimentally in the spectrum of the Cu 3 P phase. 17 It was found that both the number of the analysed spectral lines and their intensity depend essentially on the temperature of deformation. 20 It was also found that the tested walls of the fracture are distinctly enriched with Sn, S and P. Ionic etching (Ar + ) of the intercrystalline fractures of the CuSn6P bronze after the stretching in the range of DMT revealed that the S concentration obviously decreases in the course of etching to about 90 min, whereas the concentration of Sn decreases only inconsiderably and the concentration of P Figure 7 . The observed changes in the concentration of the components of the alloys (Sn, P) and S in the function of the time of etching prove the occurrence of the segregation of the atoms of these elements at the grain boundaries, probably clustered in monolayers or in the nanometric external layer.
Results of numerical simulations of the intercrystalline segregation
Numerical simulations of diffusive segregations of admixture atoms and impurities at the grain boundaries of the investigated tin bronze was previously tested with the investigations of the probability of a migration of point defects in (2D) structures. The repeatability of the observed changes in the concentration of the diffusing atoms in the function of the time of simulation was analysed, taking into account the a priori assumed randomness of the process of the model of atomic diffusion. 21 Besides, the operation of this programme was also tested in the case of the model alloys including a Fe-0.75 % amount fraction of B and a Cu-0.75 % amount fraction of Bi. 19 The simulations of the process of the migration of the atoms of sulphur and vacancies to the grain boundary of the model alloy including a Cu-0.75 % amount fraction of S were performed for the analytically calculated values of the energy of bonding and migration, Table 2 , and the assumed parameters of the simulation, the temperature of diffusion of 1000 K, the dimensions of the analysed atomic plane of the grains of 100 × 100 atoms, the coefficient of acceleration W p = 10 6 as well as areas distant from the grain boundary. Such a formation of the C(S) and C(V) concentrations proves the essential role of vacancies in the migration of sulphur atoms towards the grain boundary. The number of vacancies characterizes the amount of their flux in the direction of the grain boundary and the potential connection with the migration of the atoms of sulphur in this direction. The analysis of the kinetics of this process of migration of sulphur to the grain boundary proves that already after about 10 3 cycles of the simulation the concentration of sulphur in the monolayer at the grain boundary attains a value of 5 % amount fraction, Figure 9 , and after 10 5 cycles -about 25 % amount fraction, Figure 10 , accompanying the entire annihilation of the vacancies in this zone.
An increased concentration of vacancies to about 5-10 % is also observed in the areas of the matrix distant from the grain boundary by about 30-40 d, which indicates a nucleation of clusters of vacancies with the atoms of sulphur. These clusters may affect the atoms of impurities and free vacancies distributed stochastically in the matrix as additional sinks of defects. Thus, the size and distribution of stable clusters of point defects in the lattice may influence the extent of the resulting segregation of the atoms of sulphur on the grain boundary.
The assumed model simulating the diffusion of vacancies of point defects in the (2D) structure was also applied in the analysis of the influence of some parameters of simulation on the attained concentration of the atoms of sulphur at the grain boundary of the model alloy Cu-0.75 % amount fraction of S, Figures 11-13 . Among others, it was found that the simulated concentration of sulphur at the grain boundary increases slightly with a decrease in the initial concentration of vacancies in the matrix of the alloy, Figure 11 . The maximum index of the enrichment of the grain boundary with the atoms of sulphur amounts to about 60 concerning the initial concentration of vacancies of the order of 0.1 % amount fraction and the real time of migration of the atoms is about 10 ms. An increase of the analysed matrix to dimensions of 200 × 200 atoms, Figure 12 , involves a proportional decrease of the atomic concentration of the atoms of sulphur in the function of the number of cycles, but without any essential qualitative changes in the analysed relation. The number of vacancies changes in a similar way. An evident effect on the simulation is exerted by the temperature of the process of diffusion, Figure 13 . A drop in the temperature of diffusion by about 100 K results in a nearly twofold decrease in the concentration of the atoms of sulphur at the grain boundary and an inconsiderable change in the number of free vacancies in the matrix of the alloy in the investigated range of iterations.
Simulation of the vacancy diffusion of the atoms of tin to the grain boundary in the analysed model bronze Cu-3 % amount fraction of Sn, A detailed analysis of the changes in the concentration of C(Sn) and C(V) in the function of the distance from the grain boundary permits us to state that, in this stage of simulating the diffusion, we can observe a distinct formation of potential areas of clusters of tin atoms and vacancies. An insignificant enrichment of tin at the grain boundary (about 7 % amount fraction) and an evident localisation of the cluster of (Sn M V M ) were, however, seen after about 10 5 cycles of the simulation, Figure 15 .
Computer-aided simulations of lattice diffusion, accomplished on the basis of the newly developed software DYFUZJA, confirmed the possibility of segregations of atoms of S and Sn generated at the grain boundary of the model structure (2D) of the analysed alloys of copper composed of Cu-0.75 % amount fraction of S, Figures 8-13 , and Cu-3 % amount fraction of Sn, Figures 14 and 15 . The obtained results coincide, more or less, with the AES experimental results. 11 . In spite of the fact that the methods of calculations take into account both the elements of the theory of elasticity and the electron factors, as well as the valencies of the formed pairs of distances and the values of their inter-atomic potentials of the Morse type, the degree of accuracy of these methods is still uncertain.
CONCLUSION
The results of the performed experimental investigations and the numerical analysis concerning the processes of diffusive intercrystalline segregations in tin bronzes lead to the formulation of the following conclusions:
The Auger spectrometric analysis of the intercrystalline fractures in single-phase tin bronze of the CuSn6P type, stretched in the DMT range, carried out in situ, indicates a segregation of the atoms of S and Sn with various intensities depending mainly on the temperature of deformation.
Computer simulations of the process of lattice vacancy diffusion confirm the variated possibility of the segregation of the atoms of sulphur and tin generated at the grain boundary in the two-dimensional model structure of the theoretically analysed copper alloys with the following composition: Cu-0.75 % amount fraction of S and Cu-3 % amount fraction of Sn. The effect of the segregations in the atomic nanolayer at the grain boundary in the Cu-S system and a merely slight effect of enrichment of this atomic layer of Sn are quite evident in the case of the Cu-Sn composition.
The newly developed programme of computer-aided simulation DYFUZJA, in the actual version, permits us to simulate and visualize the atomic diffusion to the grain boundary of a modelled (2D) structure, taking into account the maximum of four different admixture elements or impurities in the function of the concentration of the investigated elements and vacancies in the matrix of the alloy: the temperature of diffusion, the preliminarily calculated values of the energy of the effects of lattice defects, the size of the atomic plane and the value of the coefficient of acceleration.
The simulated effects of the segregation of atoms to the grain boundary, analysed as a function of the number of the cycles of the simulation are characterized by a statistically good repeatability of the results.
